ABSTRACT A robust controller taking advantage of feedback linearization control (FLC) and sliding mode control (SMC) is proposed with an objective of mitigating the sub-synchronous control interaction (SSCI) in series-compensated doubly fed induction generator (DFIG)-based wind farms (WFs). FLC method is employed to obtain the reduced-order model of the studied system and, hence, smaller computation burden to controller design. Moreover, unlike linear control methods, FLC enables the controlled system to be independent of the pre-specified operations, which is suitable for highly nonlinear DFIG-based WFs. Considering that the FLC can be sensitive to parameter uncertainties, SMC is combined with the FLC to improve the robustness of the system. To evaluate the performance of the proposed feedback-linearized sliding mode controller (FLSMC) as compared to the conventional sub-synchronous resonance damping controller, the electromagnetic transient simulation and small-signal stability analysis are carried out. The designed FLSMC is observed to demonstrate the effectiveness in SSCI mitigation and robustness against the parameter perturbation at varied operating conditions. The experimental tests are performed to validate the veracity of the simulation results. 
Switching signals for GSC
I. INTRODUCTION
Sub-synchronous control interaction (SSCI), a new class of sub-synchronous resonance (SSR), has received noteworthy attention in recent years [1] , [2] . The first reported SSCI event occurred in ERCOT of USA [3] , and was followed by incidents in Minnesota of USA [4] , Hebei of China [5] , and Xinjiang of China [6] . It is pointed out that SSCI effects can be amplified by the fast-acting control of DFIG converters [7] . Therefore, DFIG is more vulnerable to SSCI as compared to other types of wind turbine generators, such as permanent magnetic synchronous generator (PMSG) and self-excited induction generator (SEIG). Furthermore, since DFIG mechanical part is not engaged in SSCI, oscillations develop much faster than conventional SSR incidents [8] .
Many efforts have been made to address the problem of SSCI [9] - [12] . Eigenvalue analysis and frequency scanning are widely employed to identify the existence of SSCI and explain its primary reason. FACTS devices are utilized for SSCI mitigation, including static VAR compensator (SVC) [13] , static synchronous compensator (STATCOM) [14] , thyristor-controlled series compensator (TCSC) [15] , distributed power flow controller (DPFC) [16] , and unified power flow controller (UPFC) [17] . In addition, Nyquist stability criterion, residue analysis, and root locus are adopted to facilitate the implementation of the damping control for FACTS devices [18] .
Nevertheless, considering the high cost of using FACTS devices, many researchers and engineers propose that SSCI mitigation can be achieved by exploiting the existing DFIG converter control. Advances have been produced in this area [16] - [20] . A lead-lag control block is added to the current control loop of rotor side converter (RSC) for DFIG to attenuate the oscillations due to SSCI [1] . With an observer to estimate the voltage of series capacitor, a supplementary controller is developed for grid side converter (GSC) control of DFIGs to alleviate SSCI [19] . Suppression filter is implanted to the converter control loop to deactivate SSCI in DFIG-based WFs interfaced with fixed series compensation, and the best location is identified using impedance model analysis [20] . To enhance system stability and damp SSCI, a two-degree-of-freedom control scheme is designed for DFIGs incorporating a damping controller [21] . For damping of SSCI in WFs, the authors develop a damping control scheme including a linear-quadratic regulator (LQR)-based state feedback controller and a full-state observer in [22] . Based on the linearized system model, a coordinated control scheme of SSCI damping controller and supplementary excitation damping controller is proposed for SSCI suppression in a practical power system in the north of China [23] . However, since these damping controllers are designed based on the linearized model of the DFIG-based WFs, satisfactory performance is guaranteed only within the pre-specified operating conditions. Therefore, feedback linearization control (FLC) method is employed in this paper to design a nonlinear controller for SSCI mitigation. With the use of FLC, the reduced-order model of the studied system is obtained and hence smaller computation burden to controller design. Moreover, unlike linear control methods, FLC enables the controlled system to be independent of pre-specified operations. Considering FLC can be sensitive to parameter uncertainties, a combined control scheme integrating FLC and sliding mode control (SMC) is hereby proposed. The major advantage of utilizing SMC is the insensitiveness to parameter perturbation [24] - [26] . To evaluate the effectiveness of the designed feedback-linearized sliding mode controller (FLSMC) as compared to conventional SSR damping controller (SSRDC), small-signal stability analysis and electromagnetic transient (EMT) simulation are carried out at varied compensation degrees and wind speeds. Furthermore, experimental tests are performed to validate the veracity of the simulation results.
The contributions of the paper are: (1) achieve feedback linearization of series-compensated DFIG-based WFs; (2) propose feedback-linearized sliding mode controller (FLSMC), which incorporates feedback linearization control and sliding mode control; (3) demonstrate the effectiveness of the proposed FLSMC in SSCI mitigation under varied operating conditions.
The remaining parts of the article is organized as follows. The model of series-compensated DFIG-based WF and conventional SSRDC are given in Section II. The design process of the FLSMC is presented in Section III. In Section IV, small-signal stability analysis, electromagnetic transient simulation, and experimental tests are performed to assess the effectiveness of the FLSMC. Section V concludes the article. 
II. SYSTEM MODEL AND CONTROL

A. MATHEMATICAL MODELLING
As shown in Fig. 1 , a 14th order model is adopted to describe the dynamics of the series-compensated DFIG-based WF, including wind turbine aerodynamics, shaft system, induction generator, dc-link, RSC, and GSC [27] . The studied system is expressed in the classical form of the nonlinear system as 
B. SSRDC
A conventional SSRDC is adopted in this study for simulation comparison. As shown in Fig. 2 , a damping control block is added to the control loop of GSC. Detailed design process of the SSRDC is presented in [19] .
III. FEEDBACK-LINEARIZED SLIDING MODE CONTROLLER A. FEEDBACK LINEARIZATION OF DFIG-BASED WF
The calculation of relative degree determines the system feedback linearizability. We can calculate
where L denotes the Lie derivative. The calculations expressed by (2) and (3) indicate that the 2×2 matrix
is nonsingular. The relative degree is 2 < 14, which means the studied system is partially linearizable. Therefore, the 14th order model decouples into two
where (5) denotes the transformed subsystem,z is new state variable; Equation (6) denotes the internal dynamics of the system,ẑ denotes the remaining states. For the studied system, we select
Through utilizing linear control approach as dz i /dt = v i , the linearized form is obtained
where v 1 and v 2 denote the linear control inputs; physical control input u is computed from (8) as follows
The internal dynamics stability is guaranteed using zerodynamic theory, which is given in Appendix.
B. SMC BASED ON FEEDBACK LINEARIZATION
Define the sliding mode manifolds as
where 
In the solution ofṠ = 0, equivalent control is derived
To reduce the impact of parameter deviation, equivalent control is combined with reaching control as
where ε 1 , ε 2 , k 1 , k 2 are positive constants. Lyapunov function is chosen as
Time derivative of Lyapunov function is computed aṡ
Therefore, the proposed FLSMC is asymptotically stable. Substituting (13) into (9), the control laws are obtained
The PI controller is adopted for GSC in this study [18] . 
IV. SIMULATION AND EXPERIMENTAL VALIDATION
The diagram of the FLC and FLSMC are illustrated in Figs. 3 and 4 , respectively. It is observed that the new state variable z is obtained through nonlinear coordinate transformation expressed by (8) . Then sliding mode controller expressed by (15) is designed based on the linear model of the studied system. Linear control signals and stator angular frequency are fed into the proposed controller to calculate the control laws. Eventually, pulse width modulator (PWM) is utilized for controller implementation.
A. SMALL-SIGNAL STABILITY ANALYSIS 1) SENSITIVITY ANALYSIS AND PARTICIPATION FACTORS
The eigenvalues for the studied system with the use of the designed controller are obtained using MATLAB function ''linmod''. In Table 1 , λ 15 to λ 20 are nonoscillatory modes, λ 11,12 and λ 13,14 are related to PI controller in the converters, and λ 9,10 have a high frequency and a high damping. These modes are not further discussed [27] . From the characteristics and frequency range [18] , λ 1,2 represent the sub-synchronous mode and λ 3,4 are super-synchronous mode. λ 5,6 are identified as electromechanical mode while λ 7,8 are shaft mode. In this paper, the PI controller of GSC has been replaced by the proposed FLSMC, whereas RSC controller is implemented utilizing PI control. Considering the PI controllers could influence the performance of the damping controller, the sensitivity of the designed FLSMC to the PI controllers of RSC is studied using the following equation [29] 
where K j (j = 1, 2, 3, 4) is the PI controller gains of RSC as illustrated in Fig. 2 , ψ i and φ i are the left and right eigenvectors, respectively, for eigenvalue λ i . The computed eigenvalue sensitivities for the studied system are presented in Table 2 . As demonstrated in Table 2 , with the use of the FLSMC, the sensitivities of sub-synchronous mode (λ 1,2 ) with respect to PI controller gains of RSC are very small. However, it is observed that sub-synchronous mode is highly sensitive to the proportion gains K 2 and K 4 of RSC current tracking control when conventional SSRDC is adopted. The participation factor is a measure of the relative participation of the kth variable in the ith mode of the system. The magnitude of the normalized participation factors for an eigenvalue, i.e. λ i is defined as [29] p ki = φ ki ψ ik (18) where p ki is the participation factor. 
2) EIGENVALUE ANALYSIS
To investigate the effect of wind speed and compensation level on system stability, eigenvalues at different operating conditions are shown in Fig. 5 . It is observed that the increase in compensation degrees or the decrease in wind speeds undermines the stability of DFIG-based WF.
Furthermore, unlike SSRDC, the proposed FLSMC can stabilize the studied system even at low wind speeds and high compensation levels.
B. ELECTROMAGNETIC TRANSIENT SIMULATION
Simulation model with PSCAD/EMTDC is shown in Fig. 6 . Fig. 6(a) shows the model of control law u 1 (S gq ), where corresponding SMC is encapsulated in ''SMC'' module. After qd-abc transformation, PWM is employed to generate GSC driving signals as illustrated in Fig. 6(b) and 6(c) .
EMT simulation is performed at 7 m/s wind speed, and 75% compensation level is applied to transmissions at t = 1 s. System responses are presented in Fig. 7 , including active power of transmissions and PCC voltage. In Fig. 7 , the waveforms exhibit the effectiveness of FLSMC and SSRDC in suppressing SSCI, and FLSMC shows better performance. It is seen that oscillations due to SSCI are mitigated in less time under the proposed FLSMC.
As shown in Fig. 8 , EMT simulation is repeated at 45% compensation level and 7 m/s wind speed. It is observed that SSCI problem is less severe with the decrease in compensation levels. Additionally, the oscillation frequency becomes higher at lower compensation levels. Both observations are consistent with the conclusion drawn by eigenvalue analysis. To evaluate the performance of the controllers quantitatively, three performance indexes are adopted as follows 
where the sum of the electromechanical torque, d-axis rotor current, and dc-link voltage is taken as the error signal; PI 1 denotes the maximal absolute value of tracking errors during the simulation time (t sim ); PI 2 denotes the integral of absolute tracking errors; PI 3 denotes the standard deviations of the tracking errors, N represents the number of observations in the sample. The performance indexes for different simulated cases are listed in Table 4 . It is observed that, for both cases, the FLSMC has lower value than the conventional SSRDC, which demonstrates the superior damping performance of the proposed controller.
C. ROBUST STABILITY ANALYSIS
Structured singular value (SSV) analysis is carried out to evaluate the robust stability of the FLSMC under parameter perturbations. The system model should be transformed into linear fractional transformation (LFT) form for SSV analysis as shown in Fig. 9 , where matrix includes the set of uncertainties (±20% in R gf and L gf ). General LFT expression is as follows
where the term (I -N 11 ) −1 can cause instability of the system [30] . The robust stability condition is given by the structured singular value as The system stability is guaranteed when µ is less than 1. Upper and lower bounds of the SSV are computed utilizing MATLAB as illustrated in Fig. 10 . The procedure of evaluating robust stability in this section is demonstrated in Fig. 11 . Figure 10 shows that all values in SSV curves are smaller than 1, which demonstrates the robustness of FLSMC. EMT simulation is performed with ±20% variation in GSC filter inductance (L gf ) and GSC filter resistance (R gf ). As illustrated in Figs. 12 and 13, parameter perturbation reduces the effectiveness of SSRDC. On the other hand, the effectiveness of the proposed FLSMC in damping SSCI is not much affected by parameter perturbation. This observation validates the SSV analysis.
D. EXPERIMENTAL TEST
As illustrated in Fig. 14 , experimental tests are carried out in a 1.5-kW DFIG prototype, and a DC machine is utilized to drive the DFIG. Sensors are connected to the computer via a 1716 Data Acquisition Card. A dSPACEDS 1103 DSP (Texas Instruments) board is used to control GSC and RSC.
A TMS320F2812 DSP (Texas Instruments) serves as the microprocessor which generates the control signal for the DFIG. The common dc-link voltage is controlled at 80 V. Experimental tests are performed at compensational level of 75% and 45% respectively, as shown in Fig. 15 . Waveforms of active power of transmission line and dc-link voltage demonstrate that the designed FLSMC not only provides desired SSCI damping but mitigates fluctuation of dc-link voltage as well. Furthermore, it is observed from Fig. 15(b) that transient SSCI problem is less severe compared with Fig. 15(a) . These observations validate eigenvalue analysis and EMT simulation.
There is a certain degree of DFIG parameter deviation during grid faults. To emulate the condition of the actual DFIG parameter deviation in real time control, the DFIG parameters (L gf and R gf ) used in the control laws are varied, but the actual DFIG parameters (L * gf and R * gf) are unchanged [31] 
The experimental results are illustrated in Fig. 16 . It is seen that the proposed FLSMC improves the robustness properties of DFIG under parameter perturbations, which is consistent with the simulation results.
V. CONCLUSION
To overcome the limitations of conventional linear methods, a combined control scheme integrating sliding mode control (SMC) and feedback linearization control (FLC) is proposed to mitigate sub-synchronous control interaction (SSCI) in DFIG-based wind farms. FLC enables the controlled system to be independent of pre-specified operations, and SMC is employed to enhance the insensitiveness to parameter perturbation. To evaluate the performance of the designed feedback-linearized sliding mode controller (FLSMC), small-signal stability analysis and electromagnetic transient simulation are performed at varied operating conditions. The designed FLSMC is observed to demonstrate effectiveness in SSCI mitigation and robustness against parameter uncertainties. Experimental results validate the veracity of the simulation results.
APPENDIX
A. SYSTEM AND CONTROLLER PARAMETERS
See Table 5 and 6.
B. STABILITY OF INTERNAL DYNAMICS
To ensure the stability of the studied system,ẑ =φ (x) should satisfy the following conditions
Therefore, we select whereẑ 3 is expressed aŝ
Sincez 1 =z 2 = 0 at steady state,z 3 is written aŝ
The dynamics ofẑ 3 is obtained
Based on (A3), (A4), and (A5), the simplified dynamics of z 3 is expressed as d
Equation (A6) indicates a stable system, and dynamics of remaining states are obtained
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